Abstract. The particulate matter composition in the Upper Cauca River section was studied, considering the importance of this river for the water supply of Cali, Colombia, and the implications that the turbidity of this water source has had for the city's water treatment. Additionally, the upstream Palo River was investigated, as this river is a major contributor to the Cauca River. River water samples were taken in both rivers in the period 2012-2014 during dry and rainy seasons. The origin 10 of the particulate matter was studied through measurements of turbidity, total suspended solids (TSS), volatile suspended solids, particle size distribution, Fe concluded that the concentration of particulate matter depended merely on precipitation events in the Cauca and Palo River basins, leading to soil erosion due to extensive and intensive agricultural practices. In addition, the South Canal was identified as one of the main contributors to organic particulate matter.
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Introduction
In rural and urban areas of Colombia safe drinking water supply is one of the most serious concerns for public health. Health 20 risks in drinking water supply are predominantly associated with water quality problems in surface water, because approximately 80% of the water supply in Colombia depends on surface water (Ministerio de Desarrollo de Colombia, 1998) . In the past decades, forests have been replaced by bared surfaces due to urbanization, which has increased the concentration of particulate matter in streams and rivers (EPA, 1999; Mulliss et al., 1996) . Particulate matter creates turbidity and imparts color to the water. The more sediments enter the water, the higher the turbidity, and the lower the 25 transparency. Turbidity may be caused by silt, clay, organic, inorganic, soluble colored organic compounds, plankton, and microscopic organisms (ASTM, 2003) .
Erosion is considered to be one of the main contributors to turbidity, which also occurs naturally due to the action of wind, rain and the river flow. The effect of river flows on particulate matter concentration mainly depends on the slopes, the presence of rocks and rocky fragments (e.g. mountain rivers), promoting riverbed deepening by scouring, destabilizing the 30 2 riverbank. Flowing water has a tremendous capacity to carry material, often for a long distance (Toy et al., 2002) . Although erosion of soil is considered to be a major contributor to the particulate matter in water, other natural and anthropogenic factors can increase the organic-based particulate matter and the inorganic-based particulate matter such as clay, silt and fine sand, and stimulate growth of algae and zooplankton, due to industrial, urban or agricultural activities (EPA, 1999; Kerr, 1995) . 5
Particulate matter can be responsible for interference with drinking water treatment processes, such as filtration and disinfection, and can even be a source of disease-causing organisms (EPA, 2013) . Hence, the consequences for drinking water treatment depend on the specific compounds of particulate matter in a water source. The objective of this study is to characterize the particulate matter of the highly turbid water of the Cauca River in Colombia, which passes through the city of Cali. The particulate matter concentration of this water source has become a great constraint for the city's water treatment 10 (Pérez-Vidal et al., 2012) . Additionally, the upstream Palo River was investigated, as this river is a major tributary to the Cauca River in terms of water discharge (mean annual flow of 35.9 m 3 /s) and suspended sediments (mean annual sediment load of 0.645 x 10 6 ton) according to CVC and Universidad del Valle (2004 Valle ( , 2000 .
Materials and methods
Study area 15
Cali is the capital of the Valle del Cauca Department, located in the southwest part of Colombia between the Central Mountain Range and the Pacific Ocean (Figure 1 ). It is the third largest city of the country, with 560 km 2 of municipal area.
77% of the drinking water demand in the city is covered by Cauca River water through the water treatment plants (WTPs)
Puerto Mallarino and Río Cauca (PDA, 2008) .
The Cauca River is the second most important surface water source in Colombia and is the main tributary of the Magdalena 20 river basin, with a length of 1,350 km and an area of approximately 63,300 km 2 . The Cauca River runs through the western 3
Approach
The approach of the study was to first identify the possible sources of particulate matter in the Cauca and Palo rivers, by studying literature and reports. Afterwards, water samples from both rivers were extracted and water quality analyses were conducted in order to confirm the origin of the particulate matter in relation to potential natural and anthropogenic sources.
Sampling protocol 5
River water samples were taken in both rivers in the period 2012-2014 during dry and rainy seasons. In the Upper Cauca a bimodal temporal distribution of precipitations exist (dry period from January to March and from July to September; rainy periods from April to June and from October to December). During this survey, because reduced rainy periods occurred, the rainy season samples correspond to the first showers of the season. The parameters used to characterize particulate matter in the rivers were: turbidity, total suspended solids (TSS), particle size distribution, non-soluble iron (Fe 3+ ), and chlorophyll-a 10 (Chl-a). Phosphate (PO 4 3-) and nitrate (NO 3 -N) were also measured to evaluate the potential for biological activity. In addition, chemical oxygen demand (COD), true color and volatile suspended solids (VSS) were measured in the Cauca River to obtain an indication of the organic fraction of the particulate matter.
Since the Palo River has a depth smaller than one meter, the sampling was done at half the depth of the water course. For the Cauca River two samples were extracted, one at 20% of the depth and one at 80% of the depth of the water course, 15
considering that the depth of the water course is greater than one meter (Curtis et al., 1979; Nordin Jr. and Dempster Jr., 1963) (Figure 2 ). To extract the water samples a cylindrical stainless steel column was used (40 cm long and 10 cm ID), designed to sample vertically from the top of the column once the column reached the selected depth.
Sample analysis
The determination of the parameters was done according to the Standard Methods (Rice et al., 2012 
Results
Identification of potential sources of particulate matter
The Cauca River basin in the Cauca department, where the river springs, has an area of 7,394.8 km 2 . The largest part of the Cauca department is used for commercial farming of pine, coffee, plantain, flowers, cassava, and beans. There are also small scale fishing activities, cattle breeding and agriculture exploitation by indigenous groups and the paper and sugar industry 5 plays an important role in the land use. In addition, gold, bauxite and coal mining are relevant activities (UPME, 2005; Zibechi, 2014) , which have affected soil and water resources (Conpes, 2009; EMCALI and Universidad del Valle, 2006) .
The part of the Cauca River basin situated in the Valle del Cauca department is mainly used for extensive livestock farming in natural pastures, followed by sugar cane and perennial crops. Only a small portion of the basin is occupied by forest (Ekstrand et al., 2009) . Therefore, around 54% of the total area has some degree of erosion, of which 31% is severely eroded 10 (Ekstrand et al., 2009 ).
The basin of the Palo River has also been suffering from continuous soil deterioration (Cifuentes, 2014; CRC and CIAT, 2007) . Moreover, large sugar mills are located in the lower Palo River basin, in addition to food and beverage processing industries, paper-manufacturing factories and other factories (Cifuentes, 2014) . In this area, there are also semi-permanent agricultural activities such as the cultivation of sugar cane, corn, soybeans and sorghum. The middle and upper basins of the 15 Palo River are characterized as agricultural areas with traditional cultural farming practices. In the middle and lower basin, the surface water is affected by progressive industrial and domestic discharges, the slums situated around the river, extensive and intensive agricultural activities and cattle breeding activities along its entire basin (Cifuentes, 2014) .
In Table 1 a systematic overview of the potential sources of particulate matter in the Upper Cauca River and the Palo River is presented, with its characteristics. 20
Seasonal fluctuation of turbidity and TSS
Both the dry and rainy seasons were characterised by lower than average precipitation (Cenicaña, 2014) . The sampling points in the Cauca River (at 20% depth (P1) and at 80% depth from surface (P2)) showed a substantial strength of agreement (McBride, 2005) , where with a sample size of 13, the concordance correlation coefficient was 0.98 and 0.99 for turbidity and TSS, respectively. This indicates a well-mixed water mass at the measuring point at WTP Puerto Mallarino, 25 and therefore the samples at different depths were further considered as duplicates.
There was a considerable difference in the turbidity and TSS values between the dry and rainy seasons for both rivers as demonstrated by the higher turbidity and TSS values during the rainy season than during the dry season ( Figure 3 ). During the dry season the turbidity ranged between 24 and 107 NTU in the Cauca River, and between 28 and 131 NTU in the Palo River. During the rainy season the turbidity ranged from 32 to 465 NTU in the Cauca River and from 70 to 840 NTU in the 30 Palo River. The turbidity and TSS peaks were higher in the Palo River than in the Cauca River.
Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -219, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. correlation coefficient, r, was determined between river discharges and turbidity and TSS, finding a weak relationship for both rivers (0.53 for turbidity and 0.59 for TSS in the Cauca River; 0.31 for turbidity and 0.27 for TSS in the Palo River).
Turbidity and TSS relation 5
Turbidity was plotted against TSS data (Figure 4) , showing a similar trend for both rivers, although scattering was observed in both rivers. This scattering was more obvious for TSS values below 100 mg/L in both rivers during the dry season (see the weak r coefficient in Figure 4a ). In the Palo River only four data points above the 100 mg/L were obtained during the monitoring campaign 1 .
Particle size distribution 10
The relationships between TSS and particle size distribution are illustrated in Figure 5 ; only minor differences were observed between the dry and rainy season for both rivers. TSS comprised of 5% particles smaller than 2 µm, 80% particles between 2 and 50 µm and 15% of particles between 50 and 250 µm, during both seasons.
For both rivers a slightly higher content of fine particles (< 2.0 µm) was observed during the rainy season than during the dry season. Figure 5 shows a wider right tail in the Palo River (b) than in the Cauca River (a), indicating that TSS in the Palo 15
River also contained particles with a larger size than the ones found in the Cauca River. Figure 6 presents the VSS fractions found in the Cauca River in 70 samples, classified in relation to TSS ranks. For all TSS ranks the volatile fraction is lower than the fixed fraction; however, differences in fractions among ranks can be observed.
Volatile suspended solids
For TSS > 100 mg/L (i.e. rainy events), the volatile fraction represented about 28% of the TSS, while for lower TSS values 20 (i.e. dry events), the volatile fraction was around 40% of the TSS. A considerable scattering was observed for all the TSS ranks (STD close to 0.11, 0.12 and 0.20 for TSS < 50 mg/L, 50 mg/L < TSS < 100 mg/L and TSS > 100 mg/L, respectively).
Iron and phosphate
Fe
3+ concentrations were constant during the dry period until an intense rain event altered the iron concentration in both the Palo River and the Cauca River. The Fe 3+ concentrations were 1.97 to 8.85 mg/L for the Cauca River, and 2.38 to 6.10 mg/L 25 for the Palo River, respectively, and consistent during the study. 
River discharges and/or precipitation events as particulate matter precursors
Previous studies have reported that TSS depends on changes in river discharge (Meybeck et al., 2003; Susfalk et al., 2008; Ziegler et al., 2011) . However, an upstream reservoir (Salvajina dam) controls the water discharge in the Cauca River; therefore, discharge does not depend on precipitation events only, but mainly on the operation of the dam gates (Ramírez et 30 al., 2010) . Thus, in the Cauca River considerable changes in water discharges were not observed during the monitoring A comparison with other tropical lowland rivers shows that the Cauca River exhibited some unusual features in its temporal patterns of turbidity and TSS values (Jansson, 1992; Wu et al., 2014) . Turbidity and TSS values in the Cauca River were higher than expected for tropical lowland rivers, while seasonal changes in flow were not evident. After the construction of 5 the Salvajina´s dam, lower discharges were observed in the Cauca River, but the sediment loads have been increasing over the years, leading to the occurrence of earlier and longer turbidity peaks (EMCALI, 1987) .
Particulate matter source
In Table 2 the expected origins of the different measured parameters are described, also in relation to literature, while different scenarios of water discharge (high or low) were considered. 10
Natural erosion
As pointed out by different authors, the relationship between turbidity and TSS is watershed specific, but is generally strong (Gippel, 1995; Lewis et al., 2002; Packman et al., 1999; Susfalk et al., 2008; Wu et al., 2014) . The weak relationship between turbidity and TSS suggests the presence of suspended colored organic compounds interfering with turbidity measurements, which is supported by the high true color values found in both rivers and the relatively high VSS percentages 15 (Gippel, 1995; Packman et al., 1999) . This is generally found in lentic water bodies like bogs, wetlands, and lakes with high concentrations of decaying vegetation in the water (Furukawa et al., 2014; Mitchell and Prepas, 1990; Volk et al., 2002) . The presence of colored organic compounds may be associated with the effect of the Salvajina´s dam, leading to the accumulation of organic matter because of the stagnant phase in the dam (Nadon et al., 2015) . These particles remain in suspension as wash load once the stored water is delivered to the river. The larger particle sizes found in Palo River may be a 20 consequence of the higher velocities leading to higher shear stress forces in the Palo River able to re-suspend larger particles from the river bottom.
Human-induced particulate matter
Phosphate, nitrate and COD results in this study fall within the classification of contaminated surface waters (UNESCO, 1996) , indicating agricultural activities around the Cauca and Palo rivers, involving the use of fertilizers. In addition, 25 industrial, domestic and mining activities could contribute to the high concentrations of these compounds.
-Human-induced erosion In the Cauca River basin, the main anthropogenic sources of sediments to waterways are likely to be land clearing and degradation from over grazing and a loss of soil cover associated with extensive scale cropping. Also, people migrating to 30 forest frontiers due to forced displacement (slums), has conveyed into deforestation because of forest burning and clearing for subsistence (Conpes, 2009) . Since the dam diminishes variations in the sediment transport capacity of the Cauca River caused by shear stress forces in the river itself, the suspended sediment variations are probably due to eroded soils caused by precipitation events. As water discharges were also rather constant in the Palo River (due to the low precipitation intensities presented in the Palo River basin during this monitoring campaign), but variations in turbidity and TSS occurred, detachment of particulate material when soils are dragged during the first rain events may also be assumed to be an important 5 phenomenon contributing to the found values in the Palo River.
The contribution of agricultural practices is supported by the link between phosphates and TSS (Figure 8 ). The higher phosphate concentrations found in the Palo River at higher TSS values (TSS > 100 mg/L) may be due to both the extensive and intensive agricultural practices in the Palo River basin, having as a result that large areas of bared soils, containing phosphates from fertilizers, are washed out during the first rainfall events. In the Cauca River lower phosphate 10 concentrations were observed at TSS > 100 mg/L than in the Palo River, due to the lower degree of agricultural activities per land surface. (Meybeck, 1982; Mitchell et al., 2009 ). As observed in Table 2, the nitrate  15 concentration is expected to decrease as water discharge increases due to dilution. However, during this survey a similarity was observed in values obtained in Cauca River for both seasons, suggesting an increase in nitrate discharges entering into the Cauca River as the river discharge increases, mainly associated to runoff containing soil-bound nitrate.
In the Palo River, the differences between seasons in nitrogen to phosphorus (N:P) ratio indicates that during shower events the phosphorus concentration migrating from the catchment to the river increased considerably, decreasing the molar N:P 20 ratio (24:1 for dry conditions and 18:1 for rainy conditions respectively in the Palo River). The variation between seasons in the Palo River may be attributed to the infrequent rain events leading to the soil loss from the catchment having a higher phosphorus than nitrate content (Figure 8) . The Chl-a results indicate, according to Mitchell and Prepas (1990) , a low presence of phytoplankton and/or algae in both surface waters. The development of phytoplankton and/or algae may be limited by the turbidity (Correll, 1999; Hecky and Kilham, 1988; Skidmore et al., 1998) affecting the light intensity and/or 25 light quality, and by the effect of turbulent mixing of the rivers inhibiting its growth (Hondzo and Lyn, 1999; Smayda, 2002) , supported by the similar turbidity and TSS values at different depths in the Cauca River. Although the N:P in both seasons exceeds the Redfield ratio (16:1) (Hecky and Kilham, 1988) , the high phosphorus and nitrate concentrations found in both rivers during both seasons indicate that both parameters cannot be pointed out as a limiting nutrient for algal growth (Correll, 1999) . 30
Although a weak relationship between TSS and turbidity was obtained, a similarity in slopes between both rivers was found.
This indicates that the sources of suspended solids of the Cauca River and the Palo River were related in both rivers (Lewis et al., 2002) , where smaller particles (< 2.0 µm) were found during rainy season (see Figure 5) . The slightly higher content of colloidal particles during the rainy season ( Figure 5 ) may be due to changes in vegetation coverage and decomposed Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -219, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 6 June 2016 c Author(s) 2016. CC-BY 3.0 License. organic matter in the runoff. Higher true color values were observed in the Palo River, associated to the higher colloidal particles found in the Palo River. This may be explained by the land use in the river basin, because 68% of the area of the Palo River basin is covered by crops and pastures with agricultural uses and livestock (Cifuentes, 2014) .
The higher non-soluble iron concentrations found at high TSS values, where higher water discharges occurred, also suggests a contribution of deforestation and agriculture activities to suspended particulate matter in the river. In the Cauca and Palo 5 rivers, a relation between iron concentrations and TSS was found during both seasons (Figure 7) , which is supported by the brownish-reddish coloration of the river waters. The presence of iron in both rivers can be explained by the characteristics of the soils in the Upper Cauca River and the Palo River basins (FUDESO, n.d.). The brownish-reddish coloration of the soils indicates the existence of iron oxide minerals (Bastidas-Obando and Carbonell, 2010; Kritzberg and Ekström, 2012) .
Although literature has, to the authors' knowledge, not reported relationships between turbidity and non-soluble iron in 10 rivers, Riera and Armengol (1995) stated a strong relationship between both parameters in reservoirs associated with mineral particles, suspended sediments and detrital organic matter due to inputs from the watershed.
-Mining
Although other metal concentrations were not measured during this survey, the increase of TSS-turbidity during shower 15 events may also be related to legal and illegal mining activities and the removal of dragging materials (Ekstrand et al., 2009;  Universidad del Valle and UNESCO-IHE, 2008). Open-pit and underground mining activities in the Palo River basin, and other sub basins draining to the Cauca River, has been identified to be developed, leading to soil degradation and an augmentation in the turbidity levels in some of the tributary rivers (Conpes, 2009). However, it is expected that the contribution of mining to particulate matter found in the Cauca River is negligible based on the scale of mining activities 20 compared to the agricultural practices. This is also supported by the weak influence of river discharge, on e.g. non-soluble iron concentrations, expecting lower concentrations at higher river discharges in case of excessive mining activities (see Table 2 ).
-Point discharges 25
In the Cauca River higher COD values were found during the rainy season than during dry season, due to the effect of the socalled South Canal on the Cauca River. Storm water, transported by the South Canal, carries domestic and industrial wastewater discharges, and leachates from the already closed landfill of the city of Cali. In addition, large amounts of sediments are deposited on the canal bottom. During rainy events, resuspension of the deposited sediments containing 30 contaminants occur (first flush effect), showing important modifications in water quality at the Cauca River once shower events occur (Galvis et al., 2014) . The first flush effect has been recognized as an important contributor to sediment peaks during strong rainy events (Hurtado, 2014; Universidad del Valle and UNESCO-IHE, 2008; Vélez et al., 2006) . During the Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -219, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 6 June 2016 c Author(s) 2016. CC-BY 3.0 License. rainy season low river discharges existed because of the operation of the Salvajina´s dam diminishing the dilution capacity of the sediments-contaminants washed out from the South Canal to the Cauca River.
Conclusions
The particulate matter concentration has been considered as a key parameter for drinking water treatment. Considering the importance of the Cauca River for the water supply of Cali, Colombia, the composition of the particulate matter in this river 5 was studied. Characterization of the particulate matter in the Cauca River has shown that the TSS did not depend on river flows, but merely on precipitation events in the Cauca and Palo river basins due to the erosion of soils. Nevertheless, a high scattering was obtained between TSS and turbidity values in both rivers, potentially due to the different sources contributing to both parameters, such as color and particle size. A similar particle size distribution was found during the dry and rainy season for both rivers, having a slightly higher content of particles smaller than 2 µm during rainy conditions due to changes 10 in vegetation coverage and decomposed organic matter in the runoff. In the Palo River larger particle sizes were found than in the Cauca River due to the higher velocities registered in Palo River, which has a consequence for the shear stress forces able to re-suspend larger particles. Non-soluble iron was found to correlate well with the TSS load in the Cauca River, also pointing out the importance of erosion of soils during shower events. At high TSS values also higher concentrations of phosphate were found in the Palo River, where extensive and intensive agricultural practices exist. In Cauca River, lower 15 phosphate concentrations were observed, potentially due to the extensive and intensive agricultural practices in the Palo River basin, leading to large areas of bared soils containing phosphates from fertilizers. Based on the results obtained during this survey, extensive and intensive agricultural practices in conjunction with erosive processes, were identified as the main contributors to particulate matter. In addition, the South Canal was considered to have an important effect on the organic particulate matter content in Cauca River during rainy precipitation events. Mining activities were found to have a minor 20 contribution to particulate matter in the rivers, also based on the scale of mining activities compared to the agricultural practices. Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -219, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -219, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. 
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The whiskers extend to the minimum value at the bottom and the maximum value at top 
